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of depressurization and heating induced by friction forces. Comparison of CFD predictions 23 against a 0-D thermodynamic model, indicates that although the mean exit temperature 24 increase relative to the initial fuel temperature is proportional to (1-Cd 2 ) at fixed needle 25 positions, it can significantly deviate from this value when the motion of the needle valve, 26 controlling the opening and closing of the injection process, is taken into 27 consideration.Increasing the inlet pressure from 2000bar, which is the pressure utilized in 28 today's fuel systems to 3000bar, results to significantly increased fluid temperatures above 29
Introduction

34
The market share for passenger cars is expected to double (ExxonMobil) the coming years, as 35 Where the specific total enthalpy is the sum of the specific static enthalpy h, the flow mean 92 kinetic energy and the turbulent kinetic energy k 93
The presence of the cavitating phase is taken into account throughαL which represents the 95 liquid volume fraction in a computational cell, and with the source term Sh (Städtke, 2007) 96 which accounts for the interaction between the two phases, gas and liquid. This additional 97 source term for the interaction between the two phases includes the energy exchange due to 98 mass transfer, the interfacial heat transfer and the work of viscous interfacial forces. In these equations h0, p0, and T0, are reference values, h * is a function of pressure, while cpmT 115 is the mean heat capacity between the temperature under consideration and a reference 116 temperature T0. For the case of constant properties, cpmT is simply equal to cp, while h * =(p-117 p0)/ρ. The reason for adopting the methodology of (Kolev, 2002) is that the author gives these 118 thermodynamic properties as a function of pressure and temperature in the range 0-2500bar 119 and 0-120 o C. 120
For reasons of numerical stability, the diffusion term appearing on the RHS of equation (1) 121 and containing the temperature instead of the total enthalpy is treated in an implicit way. 122 Solving equation (6) for T and substituting it in (1)after some manipulation the following 123 transport equation for the specific total enthalpy is derived: 124
In each iteration the total enthalpy equation is solved and the temperature is obtained either 128 from equation (6) for the case of constant properties, or from an iterative procedure in the 129 case of variable properties. When the temperature has been determined, the properties are 130 updated from the known temperature and pressure field. This procedure requires no more than 131 10 internal iterations to converge while an under-relaxation factor can be also used in 132 updating the temperature. 133
Regarding the impact of source term Sh in equation (9), an order of magnitude analysis has 134 revealed that its impact in fuel heating, could be ignored. The rate of vapor formation is more 135 than 5 orders of magnitude smaller than the fuel flow rate, while the heat flux due to 136 vaporization is even smaller compared to the energy of the fuel entering the injector. Thus the 137 main parameter affecting the fuel heating is the friction forces due to the strong velocity 138 gradients appearing in the near wall region. The fuel used is the so-called "summer diesel" and its properties were taken from (Kolev, 143 2002) as function of temperature and pressure. For the purposes of the present work, they 144 have been extrapolated up to 3000bar and 400 o C for all cases simulated. The extrapolation 145 method adopted, uses the functions given in (Kolev, 2002) but extents the limits of pressure 146 and temperature up to the point at which the property under consideration reaches a local 147 minimum or maximum; beyond this point, each property is assumed to be equal to the 148 corresponding value of the local minimum or maximum. The fuel properties utilized are 149 shown in Fig.1 . errors when the grid is remapped. With regards to temporal discretization, a fully implicit 170 scheme was used, which is unconditionally stable, while shorter computational time steps 171 have been used in the opening and closing phase of the needle valve in order to ensure that 172 the needle lift does not change more than 1.0μm/time-step; this limitation was used to avoid 173 abrupt changes in the grid topology. Numerical experiments have indicated that the opening 174 phase is not affected by the chosen time-step. On the other hand, during the closing phase, 175 some differences exist especially at the last stages, in which compressibility effects may 176 however become important but the code used does not account for such phenomena. 177 The test cases simulated and the boundary conditions used are listed in Table 1and Table 2 boundary conditions were applied, since its temperature is not generally known. The flow 210 field in the near wall region was modelled by using wall functions along with the enhanced 211 wall treatment proposed by (Wolfshtein, 1969) ; the y+ values in the wall region were varied 212 between 1 and 30. Regarding the initial conditions for the transient cases, simulations start 213 from a converged velocity field at 5μm lift, while the initial temperature field for the fuel was 214 assumed to be uniform and equal to the inlet temperature for most of the cases examined. The 215 effect of the initial liquid temperature distribution is further examined by considering the last 216 case of Table 1 variable properties, respectively. As seen, the assumption of constant properties leads to over-249 prediction of the fuel heating, while it is important to notice that the variable properties case 250 leads to fuel sub-cooling for high Cd values. In this case the friction is low and the sub-251 cooling due to fuel depressurisation dominates the phenomenon. The difference between the 252 two curves seems to be rather significant, which implies that variable properties are important 253 for accurate estimation of the fuel heating. Comparing Fig.4a to Fig.4b it is concluded 
Moving lift simulations
274
In this section focus is given to the moving needle simulations which resemble a realistic fuel 275 injection event. In these cases the needle lift law plays an important role, since an injection 276 event has short duration and furthermore the closing phase is usually much shorter than the 277 opening phase. This results in different fuel heating levels during the opening and closing 278 phases of needle motion. In Fig.5a but on the other hand this results to 0.25% overall mass flow reduction, which can be 304 considered negligible. The case with constant wall temperature equal to the incoming fuel 305 temperature (80 o C) has a minor effect to the fuel heating compared to the adiabatic wall case; 306 differences in maximum heating of 0.07ΔTref compared to the adiabatic wall case are observed 307 only at the initial stages of the opening phase. The case of adiabatic nozzle wall with a more 308 realistic initial temperature distribution for the fuel is also presented in Fig.5b . The lower part 309 of the fuel in the injector has initially a temperature of 120 o C (equal to the fuel temperature at 310 the end of the injection presented in Fig.5a ), while the upper part of the fuel has the inlet 311 temperature; between these two regions, a linear temperature distribution for the fuel was 312 assumed. The curve corresponds to this case starts from a non-zero value, exhibits slightly 313 higher maximum temperature, but the effect of initial condition is completely eliminated 314 when the lift exceeds the 80μm. So, the effect of initial temperature distribution is of minor 315 importance under the assumptions made. On the other hand, a more realistic approach would 316 apply a conjugate heat transfer solution between the flow and the injector solid material with 317 15 increased inlet fuel temperature; such an approach would require excessive computer 318 resources and it was beyond the scope of the paper. 319 presented. As seen, the difference between these two fields is small (but locally may reach 343 values in the order of 0.25ΔΤref) and does not alter the overall heating of the fuel as it was 344 shown in Fig.5a . 345 opening and closing phase, since the needle motion affects the velocity field due to fuel 372 incompressibility which in turn affects the temperature field, while the temperature "history" 373 plays also an important role. The differences between the opening and the closing phase 374 become more intense when the lift is low; these differences tend to vanish near the full lift. 375
Flow field regimes
Initially the fuel in the whole computational domain has a uniform temperature (equal to zero 376 in non-dimensional units). As the needle opens, the fuel is heated as it flows in the passage 377
(not shown in Fig.9 ) and tends to fill the sac volume. Progressively as the lift increases the 378 fuel is heated to a lower degree and the sac volume is filled with a cooler liquid having the 379 temperature of the inlet. In the closing phase the downward needle motion pushes the "cold" 380 fuel from the sac volume towards the hole. This transfer of mass from the sac to the hole, 381 along with the higher velocities observed due to the needle motion lead to the development of 382 a thinner thermal boundary layer in the closing phase. Near the inlet of the hole, a sub-cooled 383 region exists at 80μm needle lift due to fuel depressurization, while this region is more 384 It is also of interest to examine the temperature field for the case of constant surface 393 temperature equal to 300 o C. This is presented in Fig.10 for the case of 2000bar inlet pressure 394 with variable properties. As seen there is a thermal boundary layer developing near the wall 395 which affects the temperature distribution, mainly in the sac area, when compared with the 396 corresponding temperature field presented in Fig.9 
